Introduction
Water issues are prominent in the South Platte River basin of Colorado. This is a region with decades-long conflicts over water allocation between upstream federally owned lands with in-stream flow requirements, expanding urban populations, traditional agricultural irrigation uses, and downstream (Nebraska) endangered species concerns [Eisel and Aiken, 1997] (http://www.den.doi.gov/wwprac/). An underlying assumption to resolving these conflicting needs is that headwater source basins will continue to provide water from precipitation at least in quantities recorded in the past. This is not the scenario portrayed by some hydrologists who have conducted climate change effects modeling experiments. Rango and van Katwijk [1990] simulated snowmelt runoff scenarios for two Rocky Mountain basins. They found that a 3øC warming, with or without a 10% change in precipitation, could lead to a 20-40% decrease in runoff in the months where water demand is at its peak. They concluded that climate change would widen the gap between water supply and water demand as well as causing existing water storage and distribution systems to be ineffective [Rango and van Katwijk, 1990] . Similar conclusions were obtained using both snowmelt runoff models [Nash and Gleick, 1991; Revelle and Waggoner, 1983] and models that incorporated ecological processes such as evapotranspiration [Running and Nemani, 1991] .
Increasing CO2 and other greenhouse gas concentrations
Because .elevated atmospheric CO2 allows the same rate of photosynthesis to occur at lower stomatal conductance, WUE should increase under conditions of increased greenhouse gases [Schlesinger, 1997] . Simulations of CO2-enhanced tree growth for basins in Ontario suggested that increased WUE offset enhanced water losses that were expected from higher temperatures and vapor pressure deficits . At the highest elevations of the Rocky Mountains, 60-85% of annual precipitation occurs as snow Barry, 1973] . Cold snowpacks accumulate beginning in October of each water year and only begin to melt when temperatures and solar radiation exceed a threshold each spring sometime between April and June [Cline, 1997] . The amount of moisture contained in the snowpack and the timing of snowmelt have important ecological, biogeochemical, and economic implications. Meadow and tundra vegetation communities and productivity are directly tied to soil moisture and number of snowfree days [Webber and May, 1977; Walker et al., 1994] . Stream and lake water quality are defined by snowmelt that flushes pollutants from the snowpack and nutrients and metals from soils [Baron, 1991; Denning et al., 1991; Campbell et al., 1995] . Because snowmelt is the major water supply source for agriculture and urban use in the western United States, it is important to understand implications of change in snow supply [Rango and van Katwijk, 1990] . A recent assessment in California found water to be the single most important economic resource of the Sierra Nevada [Sierra Business Council, 1996] .
Loch Vale watershed is a typical Rocky Mountain basin at the headwaters of the South Platte River basin. We used the Regional Hydro-Ecological Simulation System (RHESSys) to conduct sensitivity analyses of hydrologic processes in Loch Vale watershed to climate change scenarios to address two questions: (1) How and (2) why do hydrologic discharge patterns and quantities change in response to climate change? Explicit GCM scenarios are not used for this sensitivity analysis for two important reasons: GCMs provide (1) idealized scenarios at (2) a very large scale. While their ability to depict climate at global scale is rapidly improving, they cannot resolve important topographic and vegetation patterns of mountainous areas sufficiently to portray climate futures of mountains [Barry, 1994] . Mesoscale simulations, particularly for mountainous terrain, have shown these two parameters are important drivers of regional climate [Pielke et al., 1994; Giorgi et al., 1994] . Nested mesoscale models driven by GCM boundary conditions improve the spatial resolution but contribute their own model uncertainties, making them perhaps better localized climate scenarios than GCM output but scenarios with predictive uncertainties, nonetheless [Pielke et al., 1994; Giorgi et al., 1994] . We think it far sounder to conduct analyses of possible climate directions in order to allow assessment of the sensitivity of hydrologic and ecological processes to change. Because GCM results project warming with potentially greater precipitation, while existing records and regional models suggest localized recent cooling, we applied a suite of directional climate changes. The effects of doubling atmospheric CO2 on tundra and forest WUE and photosynthesis are also considered. Simulations were made with the RHESSys model that is described in detail by Band [1993] and Band et al. 1993 Band et al. , 1996 . Further refinements for Loch Vale watershed are described by Hartman e! al. [1999] . RHESSys is a data and simulation system that uses geographical information system techniques to transform spatial data into a landform description and a set of algorithms from process models that simulate water and carbon flux through watersheds [Band, 1993] where ACO2 is the CO2 diffusion gradient from leaf to air, c is a CO2/I--I20 diffusion correction, #c is the canopy conductance, and gm is the mesophyll conductance. The physiological response of stomatal conductance to doubling of ambient CO2 concentrations was approximated by decreasing the maximum canopy conductance by 30% and increasing the mesophyll conductance by 30% [Cure and Acock, 1986] . This is the same approach followed by Band et al. [1996] and Running and Nemani [1991] . The Penman-Monteith equation used to calculate transpiration rates also includes the canopy conductance parameter #c [Monteith, 1965] .
Study Area

Data Layers
The 30-m resolution raster files were developed for elevation, biome classification, soil rooting depth, leaf area index (LAI), saturated hydraulic conductivity, and a distributed wind speed field (refer to Hartman et al. [1999] for detailed descriptions). Digital elevation and vegetation maps were provided by Rocky Mountain National Park; land cover, LAI, soil rooting depth, slope, aspect, TSI, and wind speed field map layers were derived from them. Vegetated areas were stratified into alpine tundra above 3350 m and coniferous forest below 3350 m for simplicity. Biome-specific parameters were used for evapotranspiration (ET) and photosynthesis calculations. Saturated hydraulic conductivity was derived from a detailed digitized soils map from . Bedrock surfaces were assigned very small values for LAI, soil rooting depth, and hydraulic conductivity.
Results
The 1993 and 1994 control runs (0øC, 0% precipitation change, and current CO2) are identical to those of Hartman et al. [1999] . Simulated total annual outflow was within 8% of measured values for these two years, which were validation years (in other words, data not used to parameterize model runs) for the model development described by Hartman et al. [1999] . Analysis of the discrepancy, however slight (8% is not a large difference), suggests undermeasurement of actual flows in addition to some amount of model error. It is also probably within the range of precipitation uncertainty that accompanies extrapolation of climate in steep topography from one meteorological station. Simulated evaporation, transpiration, and sublimation were also in agreement with previously reported estimates of these water loss terms from Baron and Denning [1992] .
An independent measure of model output was made by comparing model-generated snow-covered area with panchromatic orthoimages of Loch Vale digitized from 1:12,000 aerial photographs. The snow classification techniques are described in detail by Hartman et al. [1999] . Digital images available for April 22, May 7, and May 21 of 1994 showed good agreement between simulated and observed spatial distribution of snow, except in areas where extreme wind scouring of tundra was not captured by the model.
Responses to Temperature Change
There was a nearly linear response to the year-long temperature change in the summaries for transpiration and evaporation (Table 1) . Evaporation increased 51% with a year-long 4øC warming and decreased by 23% with year-long 2øC cooling. Photosynthesis, discharge, and sublimation showed a more complex pattern of response, although rates of photosynthesis, transpiration, evaporation, and discharge all increased with increasing temperatures (Table 1 and annual graphs of Figure  1 ). SWE changed dramatically with warming and cooling, although the responses to temperature were not linear. Transpiration increased by only 13 mm over the 6øC temperature range, but this was a large percentage change. The small total amount of increase reflects the lack of vegetative cover in LVWS. Discharge responded little, both in percent and absolute change, to temperature alteration.
Temperature adjustments made to individual seasons indicate that increases or decreases to summer temperatures had the least effect on total annual water and carbon fluxes compared to changes during other seasons on water losses and photosynthesis (Figure 1 and Table 1 ). Winter and spring temperature changes made a greater difference to these processes, with photosynthesis rates responding most to temperature changes during spring (mid-April to mid-July) and sublimation and discharge responding more to temperature variability during the winter (October to mid-April). In all scenarios, there was some slight amount of photosynthesis as early as March on warm days; this is because the warmth on dark needles and unfrozen soils allows water transport to occur, even with a snowpack covering the ground (R. Boyce, personal communication, 1998).
Year Values are annual totals averaged from the 2-year (1993-1994) simulation, except for snow water equivalent (SWE) and soil water deficit (SWD), which represent the mean daily average of these variables. Snow water equivalent (SWE) was reduced by warming and increased by cooling (Figure 3) , but annual and seasonal summaries show that the changes were not linear (Table 1) Warming by +4øC initiated stream discharge a full 48 days earlier in 1993 but only 14 days earlier in 1994. Cooling delayed the rising limb of the hydrograph by 30 days in 1993 and 14 days in 1994. While the warm temperature scenario hydrograph did not show a more pronounced peak than the others, summer flows were lower than the other scenarios, and they were less responsive to summer storm events.
Responses to Precipitation Change
Precipitation varied from 1191 mm yr -• in the control runs to 1072 mmyr -• with 10% less precipitation and 1310 mm yr -• with 10% greater precipitation. Discharge, sublimation, and SWE were the only parameters to respond to annual and seasonal changes in precipitation, and those changes were linear (Table 1) . When broken down by season, photosynthesis and transpiration again did not respond, but evaporation showed seasonal responses (Table 1) . Rates of evaporation increased slightly (4%) with lower winter precipitation, because of more exposure of bare soil and less snow cover. Similarly, winter evaporation decreased by 4% with increased winter precipitation. Decreases in spring or summer precipitation amounts led to decreases in evaporation rates (-6% and -10% for spring and summer, respectively), while increased precipitation for these seasons led to much smaller increases in evaporation (+ 1-2% for both seasons). Soil water deficit was much less responsive to year-long precipitation change than to changes in temperature.
Responses to Doubling of COz
Under the double CO2 with control climate scenario, rates of photosynthesis increased by 15%, and rates of transpiration decreased by 31% over the control runs (0øC, 0% precipitation, and current CO2) ( Table 1 ). The increase in photosynthesis occurred under all temperature and precipitation scenarios (Figure 4) . The decrease in transpiration was 17 mm and matched an increase in stream discharge, so the effect of doubling CO2 was 1%, an insignificant change in discharge. Note that the increased carbon availability from doubling CO2 caused nearly as great a percent increase in photosynthesis under the control climate as increasing the temperature by 4øC alone. Carbon availability had no effect on strictly hydrologic variables such as evaporation and sublimation.
Tundra and forest displayed different responses to climate changes and CO2 (Table 2 ). Tundra increased productivity by 6%, but forest increased productivity 17% over the control runs. This may be due to the longer growing season at lower elevations. Forest productivity was more responsive than tundra to alterations in temperature, whereas tundra productivity was sensitive to changes in precipitation (Table 2) . While individual tundra or forest species may respond more or less favorably to climate change, RHESSys is a stand-level model; issues of species response cannot be resolved.
Extreme Responses to Climate Variability
We looked at which of the year-long and seasonal climate change scenarios caused the greatest or least response in basinwide ecological and hydrologic variables. Extreme events are important because they are often the impetus for ecological change [Holling, 1996] and hydrologic events [Grassl, 1994] .
The extreme minimum and maximum values shown in Table 3 In Each variable's degree of sensitivity to climate change depended on the season in which climate variances occurred (Table 3) . Basin-wide photosynthesis was greatest when temperatures were warmer throughout the year and were least when they were uniformly cooler. Evaporation was greatest with the warmest temperatures, while spring values depended on how much of the ground was snow-covered thus converting evaporative loss to sublimation instead of evaporation. The minimum values for sublimation occurred when the winters were warm and dry, more so than the scenario where the entire year was warmer and drier. SWE maxima were far more re-sponsive to cooler and wetter conditions throughout the year than they were to the same scenario during winter season only. Total annual outflow was only slightly responsive to whether or not climate varied through the year or seasonally.
Tundra and forest vegetation were more productive in all seasons under a warmer, wetter, double CO2 scenario (Table  2) . Both vegetation types responded to changes in all seasons, but tundra responded greatest to springtime climate change. Forest photosynthesis rates increased by 23% when either winter or spring climate conditions became warmer and wetter. Changes in summer climate made the least difference in annual photosynthesis rates, although warmer, wetter, double CO2 conditions still caused an annual productivity increase of 14% for tundra and 16% for forest.
Discussion
Ecological Responses
The sensitivity simulations yield insight into controls on ecological and hydrologic processes as well as into the consequences of climate variability. Water is abundant at high elevations because of the seasonal snowpack. Other researchers have noted that high-elevation forests are limited by temperature, not water, and our results concur [Peet, 1989] . While the response of forest productivity to changes in precipitation was negligible, tundra showed a water limitation, decreasing productivity with a reduction in annual precipitation and increasing productivity with precipitation increase. Basin-wide photosynthesis showed a modest increase due to year-long warming, largely because so little of the watershed is vegetated. Spring warming accounts for half of the total annual increase in basinwide photosynthesis and transpiration because of the extended growing season. The forest has 7 times the productivity of tundra, and the lack of water stress allowed for a greater response to increased temperatures than areas above tree line.
Transpiration was insensitive to precipitation but highly responsive to temperature changes. Both photosynthesis and transpiration were highly responsive to doubled CO2. The results of warming and doubling CO2 were additive, so a warmer and carbon-rich environment increased plant growth by 30% (Figure 4) .
Hydrologic Responses
Annual summaries shown in Table 1 suggested sufficient water was available such that ET was influenced by temperature alone, in contrast to drier climates where energy to evaporate water and plant demand exceed the available moisture [Sims, 1989] . Sublimation decreased with warming because of the resulting decreased volume and spatial extent of snow. Interestingly, there was a slight decrease in water lost via vaporization with warming when ET plus sublimation were considered. Since ET and sublimation incline or decline in opposite directions in response to temperature change, total vaporization remains within 7% of the control for all year-long temperature adjustments. Sublimation, SWE, and soil water deficit were related to each other, and all these influenced discharge. Cool temperatures, particularly cooler springs, allowed for greater snow accumulation. Year-long cooling tied up water in the snowpack throughout the year at the expense of being released as discharge. Warming caused a nonlinear response in SWE; yearlong 4øC warming decreased average daily SWE by half, with strong decreases in peak accumulation. Winter snowmelt with both 2øC and 4øC warming delivered water to the streams and soils earlier in the year. Although total annual discharge and average daily soil moisture increased with warming, the earlier release of water from the snowpack and increased ET in spring and summer caused drier soil conditions and diminished discharge in late summer.
Examination of seasonal rates show that evaporation was indirectly influenced by precipitation. Lower-precipitation scenarios reduced snow-covered area, exposed soil, and increased total basin evaporation, while at the same time decreasing total basin sublimation and snow water equivalent. Increased precipitation produced the opposite effect. Spring precipitation scenarios were more complicated because the warming spring temperatures made for a less direct relation between precipitation and snowpack. Summer decreases in precipitation led to a direct decrease in evaporation under the control scenario for temperature, but decreased summer precipitation with warmer temperatures caused evaporation to decline only slightly.
Discharge displayed a complicated response to changes in precipitation and temperature that is partly explained by physical processes and partly by ecological processes. There was a direct flow response to precipitation, in that less precipitation caused less flow and more precipitation caused more flow. Warming with no change in precipitation led to slightly greater discharge (more snowmelt). Warming coupled with drying led to slightly less discharge because of greater plant transpiration.
The increased water-use efficiency that accompanied an increase in atmospheric CO2 can offset evaporation losses that increase with warming. For LVWS, double CO2 simulations show a constant 8 mm yr-• decrease in transpiration over the control for all year-long temperature adjustments. Given the linear increase in ET with temperature, we calculated 0.8øC warming is necessary before ET rates with doubled CO2 surpass current ET rates. The effect of WUE on ET rates may be even greater in a watershed with a larger extent of forest/plant cover. Biomass and vegetation boundaries are fixed inputs to RHESSys, so we were not able to explore this avenue further with simulations. In LVWS, where there is little vegetation to begin with, elevated CO2 and warming may help vegetation to expand and thus capture more of the water budget than at present. The longer growing season below tree line, and the greater response to warming combine to suggest that forests will expand at the expense of tundra in a warmer, wetter, and enriched CO2 world. Vegetation expansion and retraction has happened in Loch Vale through the Holocene in response to large-scale climatic change [Reasoner, 1996] , and increased height and tree density of existing krummholz patches at tree line in recent decades illustrates the rapidity with which vegetation can respond to climatic changes [Baker and Weisberg, 1995; Graumlich, 1994] .
The maximum and minimum output values (extreme runs) suggest that climate changes that occur during the winter and spring seasons are more important at controlling hydrologic dynamics than climate variability during the summer. This agrees with many other analyses of snowmelt-driven catchments, such as those of Rango and van Katwijk [1990] , van Katwijk et al. [1993] , Lettenmaier and Gan [1990] , Dracup and Kendall [1990] . Sublimation, SWE, and outflow were most responsive to temperature changes that occurred at the beginning and end of the winter season. Under the warmest scenario, however, midwinter temperatures rose to the point where snow melt became dynamic and allowed water to melt into soils a full 4 to 5 weeks earlier than currently occurs. It appears a response threshold is crossed at warming above + 2øC, most readily seen in Figure 4 for soil water deficit. With +2øC warming the soil water deficit decreases slightly earlier than in control runs but generally follows the same pattern of wetting and drying. With +4øC, snow melts much earlier, and soils remain wet through much of the winter season.
While the changes in hydrologic processes in LVWS are dramatic, they are far less so than climate-warmed hydrologic response simulated for four California Sierra Nevada basins [Lettenmaier and Gan, 1990 [Barry, 1990] . A cooler mountain climate will result in lower rates of photosynthesis and thus transpiration. While this translates to a shorter season for summer recreation at high elevations, it may yield greater year-long and seasonal water availability for downstream users.
Recent GCM scenarios suggest slight changes in western United States temperatures but increases in winter precipitation amounts (Hadley Centre, 1998). Our model results suggest high-elevation Rocky Mountain basins will respond with increased water yield, and this will mostly be due to enhanced snowmelt runoff or strictly physical hydrologic processes. Vegetation processes in these high unproductive ecosystems have little influence on water retention and loss. To summarize, model results suggest alpine tundra productivity is currently water limited and will increase somewhat with increased precipitation. Forest vegetation productivity increases with increased temperatures and increased CO2 availability. A long-term implication of this is upslope movement of forest vegetation. However, it does not appear that climate or CO2 influences on vegetation have much of an effect on vaporization or discharge. Vegetation cover in headwater basins like Loch Vale is minimal, so there is greater response of hydrologic processes to purely physical changes in climate than to those mediated by vegetation. When all water fluxes that influence hydrologic runoff are included, total discharge is relatively insensitive to temperature but is very responsive to changes in precipitation. The amount of discharge was not responsive to temperature, but the timing certainly was, varying by up to 6 weeks with warming. While the snowpack became greater or less with 2øC cooling or warming, its pattern was the same as with current climate, differing only in magnitude and in timing of melt. A fundamental change occurred with 4øC warming, suggesting a threshold was crossed that allowed snowmelt to occur through much of the winter. This causes moisture from snow to seep into soils, and will alter current biogeochemical processing of solutes in soils and influence the passage of nitrogen from soils into stream waters.
BARON ET AL.: SENSITIVITY OF ROCKY MOUNTAIN WATERSHED
The warming with increased winter precipitation, as suggested by the Hadley Centre and other GCM outputs, may have less of an influence on Rocky Mountain hydrologic processes than early predictions suggested. The urban and agricultural demand for water from mountain runoff almost certainly will increase with warming, but our model suggests the supply, at least at these highest elevations, will remain similar to past conditions. The biggest change appears to be in the timing of snowmelt and discharge, and this may cause regional water managers to evaluate water storage and distribution capabilities. A similar response was projected for California rivers by Lettenmaier and Gan [1990] and by Rango [1995] for rivers in Colorado, California, and British Columbia. Our simulations and theirs suggest that summer flows will be lower, a situation that could lead to changes in riverine habitats and water quality for fish, invertebrates, and algae. The convergence of several completely different simulations of mountain hydrologic responses to climate would lend strength to our message that water and natural resource managers take note that changes in climate will influence the timing of water resources from the mountains through the southern Rocky Mountains and possibly other western mountains as well.
